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Summary 
• Transient lulls in air movement are rarely measured, but can cause leaf temperature to rise 
rapidly to critical levels. The high heat capacity of thick leaves can damp this rapid change in 
temperature. However, little is known about the extent to which increased leaf thickness can 
reduce thermal damage, or how thick leaves would need to be to have biological signiﬁcance. 
We evaluated quantitatively the contribution of small increases in leaf thickness to the reduc­
tion in thermal damage during critically low wind speeds under desert conditions. 
• We employed a numerical model to investigate the effect of thickness relative to transpira­
tion, absorptance and leaf size on damage avoidance. We used measured traits and thermo­
tolerance thresholds of real leaves to calculate the leaf temperature response to naturally 
occurring variable low wind speed. 
• Our results demonstrated that an increase in thickness of only fractions of a millimetre can 
prevent excursions to damaging high temperatures. This damping effect of increased thick­
ness was greatest when other means of reducing leaf temperature (transpiration, reﬂectance 
or reduced size) were lacking. 
• For perennial desert ﬂora, we propose that increased leaf thickness is important in decreas­
ing the incidence of extreme heat stress and, in some species, in enhancing long-term 
survival. 
Introduction 
Extreme events, rather than long-term averages, are key determi­
nants of biological adaptation and speciation (Gaines & Denny, 
1993; Venditti et al., 2010). Extreme temperature can be a major 
physiological stressor, particularly for plants, which are not 
motile. Extreme temperature events occur at different time scales. 
A heatwave could be considered as a macro-scale event, lasting 
several days. However, micro-scale extreme events of the order of 
minutes or seconds also occur; for example, during sun ﬂecks 
underneath a plant canopy (Leakey et al., 2005) or with sudden 
drops in wind speed (Vogel, 2005). The contribution of very low 
wind speed as a source of acute heat stress is often overlooked. 
Meterological systems focus on averages over periods of minutes 
)1or hours, and on wind speeds > 0.5 m s . For much of the time, 
)1wind speeds as low as 0.5–1.0 m s are sufﬁcient to maintain air 
ﬂow around leaves and to prevent excessive heating (Gates, 1962; 
Grace & Wilson, 1976; Grace et al., 1980; Roden & Pearcy, 
)11993). Yet, wind speeds below 0.5 m s frequently occur in 
nature (Grace, 1977; Vogel, 2009), and even transient lulls can 
cause leaf temperature to rise by > 5°C in just a few seconds 
(Vogel, 2005). In desert environments, in which perennial plants 
are exposed to prolonged high irradiance and high temperatures, 
such a micro-scale wind lull could result in critically high leaf 
temperatures. Very little is known about the effects of ﬁne-scale 
changes in air movement on leaf thermal damage, or which 
morphological features of leaves are likely to reduce the incidence 
of such damage. 
To avoid rapid excursions to critically high temperatures dur­
ing lulls in air movement, an optimally designed leaf should have 
a slower heating response time (longer time constant) than that 
of the drop in air movement driving the temperature increase. 
One way of achieving a longer time constant is to increase the 
thermal mass through increased thickness. An example is the 
large cladodes of American desert cacti, which can have time con­
stants of several hours because of their great thermal mass (Nobel, 
1988). More subtle changes in the thermal mass of much smaller 
plant parts, for example through increases in leaf thickness 
towards the outer canopy (Terashima et al., 2001; Panditharathna 
et al., 2008; Liang et al., 2010), may also play a role in thermal 
tolerance. In one of the few studies investigating this concept, Ball 
et al. (1988) showed that the large heat capacities of thick 
mangrove leaves at the top of a plant crown damp ﬂuctuations 
in leaf temperature relative to thinner leaves, thereby reducing 
excursions into the temperature range unfavourable for photo­
synthesis. We might therefore expect that thick-leaved species in 
extreme temperature environments, such as deserts, have a similar 
advantage. 
Because thick leaves frequently also have high leaf dry mass per 
area (LMA), a trait associated with an economic tradeoff in 
low-nutrient soils (Reich et al., 1997; Aerts & Chapin, 2000; 
Westoby et al., 2002; Wright et al., 2002), the adaptive value of 
leaf thickness independent of LMA is seldom considered. Yet, 
within and across hundreds of species and biomes globally, thick 
leaves grow in high-temperature environments (James & Bell, 
1995; Niinemets, 2001; Vendramini et al., 2002; Wright & 
Westoby, 2002; Voronin et al., 2003; Su et al., 2009). For exam­
ple, succulent species in shrublands of Argentina have leaves 
exceeding 2 mm in thickness (Vendramini et al., 2002) and, in 
South African deserts, leaf thickness can reach 20 mm 
(von Willert et al., 1992). Even among nonsucculent ﬂora, leaves 
tend to be thick in hot, dry environments. For example, sclero­
morphic leaves in semi-arid Australia can be > 1.0 mm, almost 
an order of magnitude thicker than leaves in mesic regions, which 
often are < 0.2 mm (Roderick et al., 2000; Wright & Westoby, 
2002). The predominance of thick leaves in desert and semi-arid 
environments suggests that they may have adaptive beneﬁt in 
reducing high-temperature stress. Rare evidence from Western 
Australia following an extreme heatwave event has indicated that 
thick-leaved species may better withstand thermal damage than 
species with thinner leaves (Groom et al., 2004). Although not 
measured, the authors suggested that the greater heat storage 
properties of thicker leaves are involved. However, other intrinsic 
attributes, such as leaf size and physiological heat tolerance, could 
inﬂuence the degree of damage (Groom et al., 2004). Thus, what 
remains unknown is the extent to which increased leaf thickness, 
relative to other leaf properties, can mitigate thermal damage. 
In addition to thermal mass, leaf time constants for heating or 
cooling depend on the depth of the boundary layer, which is 
strongly inﬂuenced by leaf size (two-dimensional area; Monteith 
& Unsworth, 1990; Schuepp, 1993). The effects of leaf size, leaf 
thickness and wind speed interact. Also, the relative inﬂuence of 
these factors on leaf temperature will vary depending on the 
spectral properties of the leaf; highly reﬂective desert leaves, for 
example, with an absorptance of visible light of 0.5 or lower, can 
greatly reduce incident heat load (Ehleringer et al., 1981). Latent 
heat loss through transpiration also reduces leaf temperature, 
although cooling can be negligible if hot, dry conditions cause 
stomatal closure (Barradas et al., 1994; Hamerlynck et al., 2000; 
Medeiros & Pockman, 2010), which can result in leaf temper­
atures 15°C above ambient (Sharkey, 2005). 
Together with these varying inﬂuences on leaf temperature, 
each species in a given environment possesses a certain thermal 
tolerance threshold, above which damage to photosynthetic 
machinery occurs. The role of increased leaf thickness in reducing 
the extent of excursions to a known damage threshold has never 
been investigated. Further, it is not known whether minor 
changes in leaf thickness could be sufﬁcient to buffer against ther­
mal damage relative to the strong inﬂuence of other leaf traits on 
leaf temperature. 
We developed a model to determine the explicit role of leaf 
thickness, relative to transpiration, leaf size and leaf absorptance, 
in mitigating potential heat damage through the damping of tem­
perature excursions to a known damage threshold. A further aim 
was to examine the extent to which changes in leaf water content 
affect the leaf temperature response. Lastly, given that some 
desert leaves are only moderately thick, we addressed whether 
minor changes in leaf thickness of < 1 mm would be sufﬁcient to 
reduce thermal damage. 
Materials and Methods 
Model description 
The leaf temperature model was based on the leaf energy balance 
equation (e.g. see Nobel, 2005): 
dTleaf 
where the rate of change in leaf temperature is determined 
lleaf Cleaf 
dt 
¼ Qin þ aðTair - Tleaf Þ  - LE Eqn 1 
dTleaf 
dt 
)2by the balance between the radiative energy ﬂux (Qin (W m )), 
the convective energy ﬂux a(Tair – Tleaf) and the evaporative 
)2 )1energy ﬂux LE. a (W m K ) is the convective heat transfer 
)1coefﬁcient; Tair, ambient temperature; L (J kg ), latent heat for 
)2 )1evaporation of water; E (kg m s ), transpiration rate; lleaf, 
)3 )1leaf thickness; Cleaf (J m K ), speciﬁc thermal capacity of the 
leaf. 
The radiative heat ﬂux (Qin) consists of the direct, reﬂected 
and diffuse solar radiation absorbed by the leaf at visible wave­
lengths, the infrared (IR) radiation absorbed by the leaf and the 
IR radiation emitted by the leaf. The IR radiation absorbed by 
the leaf further consists of the IR radiation emitted by the atmo­
sphere and the surroundings. This radiative heat ﬂux term is writ­
ten as: 
Qin ¼ ashortð1þ rÞðSdirect þSdiffuseÞþaIR rðT 4 þT 4 Þ-2eIR T 4 sky surf leaf 
Eqn 2 
)2where S (W m ) is the solar radiation at visible wavelengths; 
ashort and aIR are the leaf absorptance at visible and IR wave­
lengths, respectively; eIR, leaf emissivity at IR wavelengths; r, 
)8 )2 )4Stefan–Boltzman constant (5.67 · 10 W m K ); Tsky and 
Tsurf, effective radiative temperatures of the sky and the 
surroundings, respectively (Gates, 1968; Nobel, 2005). The mul­
tiplier ‘2’ in the last term accounts for the radiation being emitted 
from both leaf surfaces. We assumed that the leaf was some dis­
tance from the ground and, consequently, the leaf area for forced 
convection took both upper and lower surfaces into account. 
Solar direct radiation was incident only on the top surface, as was 
the radiation from the sky. Reﬂected solar radiation from the sur­
roundings and IR radiation from the surfaces were incident upon 
the lower surface only. 
For convective cooling, we calculated the heat transfer coefﬁ­
cient (a) on the basis of the relationship between the Nusselt 
number (Nu) and Reynolds number (Re) determined for a circu­
lar horizontal disc of the diameter of the leaf (see, for example, 
Monteith & Unsworth, 1990; Bird et al., 2002): 
k 
a ¼ Nu Eqn 3 
d 
)1 )1where k (0.026 W m K is the thermal conductivity of air; d, 
the diameter of the leaf. The diameter of the leaf was deﬁned 
as the diameter of the largest circle that could be inscribed within 
the leaf margins. This measure provides the largest continuous 
width across a leaf from the windward edge, whilst also account­
ing for leaves of different shapes, for which a single width 
calculation is otherwise complicated (Schuepp, 1993). Following 
Monteith & Unsworth (1990) and Bird et al. (2002), the equa­
tions used to calculate the Nusselt number for laminar and 
turbulent forced convection were: 
Nu ¼ 0:60 Re0:5 Eqn 4 
Nu ¼ 0:032 Re0:8 Eqn 5 
To account for a potentially more efﬁcient heat transfer by 
convection from real leaves than from a circular disc (Schuepp, 
1972; Grace & Wilson, 1976; Nobel, 2005), we selected a 
Reynolds number (Re) for transition to turbulent ﬂow at the 
lower end of the range given for ﬂat plates, namely 1 · 104 (Bird 
et al., 2002). 
At very low wind speeds, the majority of convective cooling 
occurs via free or mixed convection (a combination of forced and 
free convection), rather than forced convection alone (Bird et al., 
2002). To take this into account, we calculated the Grashof 
number (Gr) as: 
g q2bDTd3 
Gr ¼ Eqn 6 
l2 
)2where g (9.81 m s ) is the gravitational acceleration; q, the den­
sity of air; b, the volumetric thermal expansion coefﬁcient of air; 
DT, the temperature difference between ambient air and the leaf; 
d, the leaf diameter; l, the viscosity of air. The Grashof number 
describes the relative importance of buoyancy forces relative to 
viscous forces in the ﬂow, and the relative magnitudes of Gr and 
Re can be used as an indicator of the relative importance of free 
and forced convection in cooling an object (Bird et al., 2002). 
Here, when Gr was < 10 times larger than Re2, we used the equa­
tions for forced convection (laminar or turbulent, depending on 
Re). If GrRe)2 > 0.1, we replaced a from Eqn 1 with the heat 
transfer coefﬁcient for mixed convection using the scheme pre­
sented in Bird et al. (2002): 
( ) 3 k1=3amixed ¼ Nuforced 1=3 þ Nufree Eqn 7 
d 
where the equation for free convection determined for real leaves 
by Dixon & Grace (1983) is: 
Nufree ¼ 2:67Gr0:122 Eqn 8 
and Nuforced is calculated using Eqn 4. At low wind speeds, free 
convection thus enhances heat transfer relative to pure forced 
convection. If wind speed vanishes completely, Eqn 7 results in a 
heat transfer coefﬁcient of pure free convection. 
The model was written using Matlab 7.7 (The MathWorks 
Inc., Natick, MA, USA). In the model, Eqn 1 was solved numer­
ically using the Runge–Kutta four method and a time step of 
0.093 s. The driver of leaf temperature ﬂuctuations was a prede­
scribed wind speed regime (adapted from Vogel, 2005, described 
later in this paragraph). At each time step, the heat transfer coefﬁ­
cient (Eqn 3) was determined using the appropriate equation 
(Eqn 4, 5 or 7), depending on the wind speed and the tempera­
ture difference between the leaf and ambient air at the previous 
time step. The incoming solar radiation (both direct and diffuse), 
ambient temperature and the effective temperature of the sky and 
the surroundings were set constant and made to represent clear 
sky conditions on a summer’s day in a desert (see Table 1). The 
heat capacity for each species was calculated as the mass fraction-
weighted average based on the measured water content and dry 
density of each leaf (see Measured leaf traits, below). The heat 
)3 )1capacity for dry matter was set at 1.3 MJ m K (Simpson & 
TenWolde, 1999; Jayalakshmy & Philip, 2010). The short-term 
variation in the wind speed was reconstructed from the 9-min 
wind speed regime measured by Vogel (2005) using a heated 
thermistor at the top of an oak canopy. This wind regime is com­
parable with the wind speed regimes recorded around Australian 
desert shrubs during a hot summer’s day (A. Leigh and N. Booth, 
unpublished data). The leaf temperature was initially set to ambi­
ent and the model was run for several consecutive 9-min wind 
speed cycles. The model always equilibrated during the ﬁrst 
9-min cycle. Leaves of the same diameter, irrespective of thick­
ness, equilibrated at the same average temperature, with large 
leaves equilibrating at higher temperatures than small leaves. For 
presentation and calculations, we omitted the ﬁrst wind speed 
cycle to remove the effects of equilibration. 
To validate the performance of our model, we conducted two 
different tests. First, we tested the accuracy of the numerical solu­
tion method against an analytical solution for Eqn 1; second, we 
tested the model with ﬁeld measurements of real leaves of an arid 
zone species (details in Supporting Information Notes S1). The 
tests found the numerical solution to only slightly underestimate 
the amplitude of temperature variation relative to the analytical 
solution, and the model captured the amplitude and nuances of 
leaf temperature variation very well. 
To tease apart the effects of leaf size, thickness and thermal 
mass on leaf temperature during lulls in wind speed, we wrote 
Eqn 1 for a situation in which a leaf is in radiative equilibrium 
(no transpiration) and the only driving force for leaf temperature 
Table 1 Model parameters, their values and sources, estimated for summertime desert conditions 
Parameter Value Source 
Solar radiation direct at visible wavelengths 450 W m)2 (c. 2100 lmol m)2 s)1 PAR) Campbell & Norman (1998) 
Monteith & Unsworth (1990) 
Solar radiation diffuse 100 W m)2 Monteith & Unsworth (1990) 
Ambient temperature 46°C Average maximum temperature 
in Death Valley during 
July (The Weather Channel) 
Effective radiative temperature of the sky )20°C Nobel (2005) 
Effective radiative temperature of the surroundings 70°C Nobel (1988) 
Reﬂectance of the surroundings 0.35 Sandy soil (Nobel, 2005) 
Leaf absorptance at visible wavelengths Measured for each species See text and Table 2 
Leaf absorptance at IR wavelengths 0.95 Nobel (2005) 
Total absorbed radiative energy by the leaf 1184 W m)2 Compare Nobel (2005) 1229 W m)2 
Leaf emissivity at IR 0.95 Nobel (2005) 
Leaf thickness Measured for each species See Table 2 
Leaf transpiration rate for L. tridentata with 5 mmol m)2 s)1 Medeiros & Pockman (2010) 
autumn plant water potential of ) 2 to  ) 3 MPa 
Leaf diameter Measured for each species See Table 2 
Leaf heat capacity Calculated based on measurements See text and Table 2 
changes is convective heat transfer. Integrating this equation to 
obtain leaf temperature as a function of time results in an expo­
nential function with a time constant s that depends only on the 
leaf thickness (lleaf), speciﬁc thermal capacity of the leaf (Cleaf 
)3 )1(J m K )) and the convective heat transfer coefﬁcient (a 
)2 )1(W m K )): 
lleaf Cleaf s ¼ Eqn 9 
a 
The time constant is essentially the ratio of the leaf thermal 
mass (numerator) to the boundary layer conductance (denomina­
tor); it determines the speed with which the leaf temperature 
responds to a step change in ambient temperature (deviation 
from equilibrium) via convective cooling. The heat transfer co­
efﬁcient a, which represents the effects of the boundary layer on 
the time constant, depends on the leaf size (two-dimensional 
area) (see Eqns 3–8); the larger the leaf, the longer the time 
constant. By inserting Eqns 4 and 5 into the time constant, we 
can see that, for laminar forced convection, for example: 
rﬃﬃﬃ 
d 
s / lleaf Cleaf Eqn 10 
v 
Here, d denotes the leaf diameter and v the wind speed. In the 
case of turbulent ﬂow, the time constant depends more strongly 
on the wind speed than size (leaf diameter; s / d 0:2v -0:8), 
whereas, under pure laminar free convection (Eqn 8), size domi­
nates over the driving force for cooling, which becomes the 
temperature difference between ambient air and the leaf 
(s / d 0:634DT 0:122). It should be noted that the heat transfer 
coefﬁcient, and therefore also the time constant, is not in fact a 
constant, but changes with changing wind speed or leaf–air 
temperature difference. It should also be noted that, in Eqns 9 and 
10, the speciﬁc thermal capacity does not change with leaf size. 
Measured leaf traits 
To maintain biological and ecological relevance, we used the leaf 
parameters of Californian desert species with previously mea­
sured thermal damage thresholds TS20 (the temperature at which 
leaf baseline ﬂuorescence reaches 20% of its maximum; Knight 
& Ackerly, 2002): Atriplex hymenelytra, Encelia farinosa, Isocoma 
acradenia and Larrea tridentata. For these species, additional leaf 
properties were measured at the end of the growing season in 
2009 (Table 2). Small branches were removed from 5–10 plants 
per species and placed in zip-lock plastic bags for the analysis of 
leaf area, thickness, water content, dry density and absorptance. 
For each species, 7–10 fully expanded leaves were removed from 
branches and allowed to fully hydrate in the bags with a 
wet sponge for at least 2 h before patting dry and weighing, 
Table 2 Measured leaf properties for species with known TS20 thresholds previously collected from the Californian desert (Knight & Ackerly, 2002) 
Thickness ± Leaf Water Heat capacity Mean absorptance
 
Species SD (mm) diameter ± SD (mm) content ± SD (MJ m)3 K)1)* at visible wavelengths TS20 (°C)
 
Atriplex hymenelytra 0.6 ± 0.08 18 ± 4 0.48 ± 0.04 2.2 0.46 52.6 
Encelia farinosa 0.4 ± 0.05 36 ± 4 0.68 ± 0.02 3.0 0.52 49.8 
Isocoma acradenia 0.6 ± 0.07 6 ± 1 0.60 ± 0.05 2.6 0.78 49.9 
Larrea tridentata 0.4 ± 0.06 4 ± 0.5 0.59 ± 0.07 2.6 0.85 53.7 
*Heat capacity for each species was calculated as the mass fraction-weighted average based on the water content and the dry density of each leaf (see 
text). 
scanning for area and oven drying to constant mass for dry 
weight measurements. Water content was calculated as a percent­
age: (fresh weight – dry weight) ⁄ fresh weight; dry density was 
calculated as dry weight ⁄ volume (area · thickness) in kg m)3 . 
Leaf thickness was measured multiple times on 5–10 fresh leaves 
per species using a digital gauge (accurate to 0.01 mm), with 
arched callipers of 1 mm in diameter placed midway along the 
leaf blade and avoiding major veins. Leaf reﬂectance was mea­
sured on the upper surface of fresh leaves with a SpectraWiz ﬁbre 
optic spectroradiometer and conﬁgured SL1 Tungsten Halogen 
light source (StellarNet Inc., Tampa, Florida, USA) referenced to 
dark and light standards before measurements. Absorptance was 
calculated from the reﬂectance as the proportion of light not 
reﬂected from or transmitted through the leaf. For the purposes 
of this study, we assumed zero transmittance, as leaf transmit­
tance represents a negligible proportion of incident light at visible 
wavelengths (Sinclair & Thomas, 1970). 
Application of the model 
The investigation was carried out in two stages. First, we 
addressed whether relatively small differences in leaf thickness 
(up to 0.8 mm) could have any notable inﬂuence on the damp­
ing of the amplitude of the leaf temperature response compared 
with the effects of leaf transpiration rate, absorptance, size and 
water content. Second, we determined whether increased leaf 
thickness, via an inﬂuence on the amplitude of the leaf tempera­
ture response, could prevent thermal damage for different desert 
species during a sudden drop in wind speed on a hot day under 
desert conditions (Table 1). 
The ﬁrst stage of the study used L. tridentata (Creosote Bush), a 
widespread species in the deserts of south-west USA and Mexico, 
to examine the effect of leaf thickness relative to transpiration 
(latent heat loss), absorptance (radiative load) and size (boundary 
layer) by simulating changes in each parameter. To estimate the 
effects of latent heat loss when soil and plant water potential are rel­
)2 )1atively favourable, we used a transpiration rate of 5 mmol m s , 
appropriate for L. tridentata in late autumn (October) (Medeiros 
& Pockman, 2010). Because the water vapour concentration gradi­
ent from stomata to air outside a leaf increases with increasing leaf 
temperature, a drop in wind speed could lead to an increase in 
transpirational cooling. However, the extent of this effect, particu­
larly for leaves close to ambient temperature under hot summer 
conditions, is slight, that is, a change in leaf temperature of 
< 0.05°C (Notes S2, Fig. S1). Therefore, in this experiment, the 
imposed transpiration rate was set to be constant. Absorptance was 
made to vary from the normal (measured) absorptance for 
L. tridentata of 0.8 to a hypothetical reﬂective counterpart with an 
absorptance of 0.3. Leaf size was made to vary from the normal 
(measured) L. tridentata diameter of 4 mm to a hypothetical large 
leaf, similar to a comparatively large-leaved American desert 
species, E. farinosa, at 40 mm. Leaf thickness was set to 1.0 mm, 
representing a moderately thick leaf, typical of many nonsucculent 
arid zone species (Wright & Westoby, 2002), with a hypothetical 
thin leaf set at 0.2 mm, representing more temperate species 
(Roderick et al., 2000; Wright & Westoby, 2002). In addition, 
given the high thermal mass of water, we examined the effect of 
changing water content, relative to the inﬂuence of transpiration, 
absorptance and size, whilst holding the thickness constant. For 
each case, we calculated the results for an L. tridentata leaf of high 
(0.85), normal (0.59) and low (0.35) water content. 
In the second stage of the study, we used the model to examine 
the relative effects of thickness on the buffering against excursions 
to damaging leaf temperatures in Californian desert species with 
known damage thresholds (TS20) (Knight & Ackerly, 2002). As 
well as varying in thermal tolerance, these species also vary mor­
phologically, especially in absorptive properties (Table 2). The 
environmental conditions were set to represent a hot summer’s 
day in the Mojave Desert: an ambient temperature of 46°C and a 
soil surface temperature of 70°C (Table 1). During southern 
American desert conditions in late summer, particularly when 
soil and plant water potentials become critically low, stomatal 
conductance in L. tridentata ceases altogether (Hamerlynck et al., 
2000; Medeiros & Pockman, 2010). Under such conditions, 
leaves are particularly vulnerable to thermal damage; thus, the 
second part of the study assumed an absence of transpirational 
cooling. Here, we looked at the effect of thickness by ﬁrst simu­
lating the leaf temperature response to the wind speed regime for 
a leaf of normal (measured) thickness for each species (Table 2), 
and then reducing the thickness to a ‘thin’ 0.2 mm. 
Results 
Effects of different parameters on the leaf temperature 
response 
)2 )1A modelled L. tridentata leaf transpiring at 5 mmol m s main­
tained a lower average temperature (46.8°C) and smaller amplitude 
of the temperature response (0.8°C) than a nontranspiring leaf 
(Fig. 1). A modelled large leaf (40 mm across) reached a higher 
average temperature (50.4°C) than a small leaf (4 mm) because of 
its low convective heat transfer coefﬁcient (i.e. deep boundary 
layer; Eqns 1–8). Because the convective heat transfer rate is pro­
portional to the temperature difference between leaf and air 
(Eqn 1), an elevated average leaf temperature affected the ampli­
tude of the leaf temperature ﬂuctuations. If a wind speed lull was 
of sufﬁcient duration (1 min, e.g. from Time 3–4 in Fig. 1), the 
overall amplitude of the leaf temperature response of the larger leaf 
was greater than that of the small leaf. However, during more rapid 
ﬂuctuations in air movement (a few seconds, Time 4 in Fig. 1), 
the time constant of the larger leaf was large enough to damp rapid 
leaf temperature ﬂuctuations relative to small leaves (Eqns 9, 10) 
(Fig. 1). Conversely, an increase in leaf reﬂectance (or reduction in 
absorptance from 0.8 to 0.3) reduced the average leaf temperature 
by over 1.3°C and the amplitude by 1.7°C (Fig. 1). This strong 
amplitude damping effect of greater reﬂectance was caused by a 
lower energy load, creating a lower average leaf temperature and a 
smaller leaf–air temperature difference, which, in turn, reduced the 
amplitude of the leaf temperature response. 
In contrast with the above parameters, a change in leaf thick­
ness had a negligible effect on the average leaf temperature, but 
had a considerable damping effect on the amplitude of the 
Fig. 1 Modelled leaf temperature response to varying wind speed (a) 
of a normal Larrea tridentata leaf (thin solid line; b), hypothetical thin 
L. tridentata leaf (thin dotted line; b), hypothetical thick leaf (thick solid 
line; b), hypothetical large leaf (thick dashed line; b), hypothetical highly 
reﬂective leaf (thick dotted line; b) and a transpiring leaf (thick dashed– 
dotted line; b). The wind speed regime was digitized from the measured 
wind speed of Vogel (2005, see text) and run for two cycles. The thickness 
of the normal leaf was 0.4 mm, the size was 4 mm (diameter), the absorp­
tance was 0.8 and the relative water content was 0.6 (heat capacity, 
2.6 MJ m)3 K)1). The thickness of the thin leaf was 0.2 mm, the size of 
the large leaf was 40 mm, the absorptance of the highly reﬂective leaf was 
0.3 and the transpiration rate of the transpiring leaf was 5 mmol m)2 s)1 . 
In each case, all other leaf and environmental parameters were held con­
stant, that is, set to represent summertime desert conditions (see Table 1). 
temperature response to sudden lulls in air movement (Fig. 1). 
The L. tridentata leaf of normal thickness (0.4 mm), together 
with its hypothetical thin (0.2 mm) and thick (1.0 mm) counter­
parts, averaged 47.6°C. However, during critical wind speed 
lulls, the modelled thin leaf achieved peak temperatures up to 
0.4°C higher than those of the modelled normal leaf, and 1.2°C 
higher than those of the modelled thick leaf. 
Overall and relative damping effects of different leaf traits 
Next, we sought to tease apart the effect of leaf thickness relative 
to the effects of other traits on the leaf temperature response. This 
step involved the calculation of the differences between the peak 
temperatures reached during the wind speed cycles of two leaves 
varying in a given parameter, whilst keeping the other parameters 
constant (Fig. 2). We deﬁne this difference in peak temperatures 
as the ‘damping effect’ on the amplitude of the temperature 
response resulting from a change in a given leaf property. For 
example, the difference in peak temperature obtained by changing 
the absorptance from high to low is deﬁned here as the damping 
effect of reducing absorptance. We recognized that transpiration, 
absorptance and size inﬂuence both the average leaf temperature 
and the amplitude of the temperature response (see Fig. 1). There­
fore, we compared the overall damping effect of the change in each 
of these parameters by considering absolute maximum leaf 
temperatures, and the relative damping effect after adjusting the 
mean temperature of the leaves of different values for a parameter 
(e.g. large and small leaves) to be equal. The latter comparison 
gives the damping effect of the change in a given parameter only 
on the amplitude of the temperature response. For calculations of 
the damping effect of increasing thickness at different transpira­
tion rates, absorptances and sizes, the distinction between overall 
and relative damping was not necessary because changing thick­
ness did not alter the average leaf temperature, only the amplitude 
of the response (see Fig. 1). 
Damping effect of transpiration vs increased thickness 
The damping effect of increasing transpiration rate from 0 to 
)2 )15 mmol m s decreased in a curvilinear fashion as a function 
of leaf thickness (Fig. 2a). The damping effect of increasing 
thickness from 0.2 to 1.0 mm decreased linearly with increasing 
transpiration rate (Fig. 2b). The overall temperature damping 
effect of transpiration was greater than the damping effect of 
increasing thickness, whereas the relative damping effect of tran­
spiration was similar to that achieved by increasing thickness 
)2 )1(Fig. 2). For modelled leaves transpiring at 10 mmol m s , a  
rate possible for young, rapidly growing L. tridentata plants in 
optimal conditions (Medeiros & Pockman, 2010), increasing 
thickness did not damp peak temperatures (Fig. 2b). However, 
)2 )1for a transpiration rate of 5 mmol m s , typical of established 
plants under favourable conditions, increasing thickness achieved 
a damping effect of c. 0.5–0.7°C, depending on the leaf water 
content. In other words, during a wind lull on a hot day, a thin 
)2 )1leaf transpiring at 5 mmol m s would achieve a peak temper­
ature at least 0.5°C higher than a thick leaf. For nontranspiring 
L. tridentata leaves under hot, dry summer conditions, the damp­
ing effect of increasing thickness was as high as 1.0°C (Fig. 2b). 
Damping effect of reduced absorptance vs increased 
thickness 
The damping effect of reducing absorptance (from 0.8 to 0.3) 
decreased in a curvilinear fashion as a function of leaf thickness 
(Fig. 2c). The damping effect of increasing leaf thickness 
increased as a function of absorptance (Fig. 2d). For this range of 
realistic leaf thicknesses (0.2–1.0 mm), the relative and overall 
damping effects of reducing absorptance were always greater than 
the damping effect of increasing thickness. However, for very 
absorptive leaves (‡ 0.8), the damping effect of increasing thick­
ness to 1 mm was of the same order of magnitude as the relative 
damping effect of reducing absorptance to 0.3. 
Damping effect of reduced size vs increased thickness 
The damping effect of reducing leaf size from 40 to 4 mm 
decreased as a function of leaf thickness (Fig. 2e). The damping 
effect of increasing thickness from 0.2 to 1.0 mm initially rose 
sharply with an increase in leaf size and then continued to increase 
more gradually (Fig. 2f). The absolute damping effect of reducing 
leaf size was always greater than the damping effect of increasing 
thickness to 1 mm. However, for leaves > 40 mm, the damping 
effect of increasing thickness to a modest 1 mm was greater than 
the relative damping effect of reducing leaf size to 4 mm. 
Fig. 2 The leaf temperature damping effect resulting 
from the alteration of the transpiration rate, absorptance, 
size, thickness and water content of Larrea tridentata 
leaves. The damping effect is the difference in maximum 
temperatures reached by leaves obtained by changing a 
given parameter. The left-hand panel shows the damping 
effect of increasing the transpiration rate from zero to 
5 mmol m)2 s)1 (a), reducing the absorptance from high 
(0.8) to low (0.3) (c), and decreasing the size from large 
(40 mm in diameter) to small (4 mm in diameter) (e) as a 
function of leaf thickness. The right-hand panel shows 
the damping effect of increasing the thickness from thin 
(0.2 mm) to thick (1 mm) as a function of the transpira­
tion rate (b), absorptance (d) and size (f). Closed symbols 
represent leaves with a relative water content of a normal 
L. tridentata leaf (0.59); open circles represent low 
relative water content (0.35); open triangles represent 
high relative water content (0.85). The relative damping 
effects in (a), (c) and (e) were calculated by ﬁrst adjusting 
the mean temperatures of the leaves of high and low 
transpiration, absorptance and size to be equal, and 
calculating the difference between the maximum leaf 
temperatures resulting from a large drop in wind speed at 
4 or 13 min (see Fig. 1). 
Unlike a change in absorptance or transpiration, a change in 
leaf thickness or size affects the time constant of a leaf (Eqns 9, 
10). Therefore, the damping effect of reduced size or increased 
thickness depends on the duration and strength of a wind speed 
lull, as well as on the thresholds for transition between different 
types of convective cooling (Re and GrRe)2; see the Materials and 
Methods section). We investigated the effects of changing the 
threshold for the transition from laminar to turbulent forced con­
vection and from laminar forced convection to mixed convection, 
as well as the frequency of wind speed ﬂuctuations (Notes S1). A 
change in these thresholds had a minor inﬂuence on the broad 
relationships between leaf size and thickness. 
Damping effect of increasing water content vs increased 
thickness 
To examine the damping effect resulting from increasing water 
content, we repeated each calculation varying only the leaf water 
content (Fig. 2a–f). Increasing water content relative to dry 
matter reduced slightly both the absolute and relative damping 
effects of increasing transpiration and decreasing absorptance or 
size (Fig. 2a,c,e). High water content also reduced slightly the 
damping effect of increasing thickness for small leaves 
(< 10 mm in diameter) and when transpiration was low or 
absorptance high (Fig. 2b,d,f). For leaves with high transpira­
tion rates, low absorptance or large size, increasing water con­
tent had a negligible inﬂuence on the damping effect of 
increased thickness, whereas decreasing water content improved 
slightly the damping effect of increased thickness. In general, 
however, the changes in the damping effects produced by 
changing water content from 0.35 (very dry leaves) to 0.85 
(succulent leaves) were small relative to changing any other 
parameter within a natural biological range. 
Effects of leaf thickness on leaf thermal damage 
Finally, we examined the extent to which increased thickness 
could reduce thermal damage in non-transpiring leaves of 
American desert species with known damage thresholds. In our 
simulation, the effect of thickness was dependent on a leaf’s 
absorptive properties and size, as well as on the damage threshold 
of a given species (Fig. 3). Low absorptance reduced both the 
average leaf temperatures and amplitude of the response of the 
more reﬂective A. hymenelytra and E. farinosa leaves, with ab­
sorptances of 0.46 and 0.52, respectively (Fig. 3). For both of 
these species, leaf thickness damped rapid excursions (compare 
peaks for thick and thin leaves at Time 4), but the two species 
differed with respect to thermal damage. The relatively low aver­
age temperature of A. hymenelytra, 47.2°C, coupled with its high 
thermal tolerance threshold of 52.6°C, meant that this species 
easily avoided thermal damage under the modelled conditions. 
By contrast, as a result of being twice the size of A. hymenelytra 
leaves, the average temperature of modelled E. farinosa leaves was 
slightly higher, at 48.3°C, such that they remained close to their 
lower damage threshold of 49.8°C. Here, a lull in air movement 
caused the temperature of the hypothetical thin E. farinosa leaf to 
exceed the damage threshold twice during one wind cycle, 
Fig. 3 Leaf temperature responses of modelled Atriplex hymenelytra, 
Encelia farinosa, Isocoma acradenia and Larrea tridentata (b–e) to 
modelled wind speed ﬂuctuations (a). The wind speed regime was digitized 
from the measured wind speed of Vogel (2005) and run for two cycles. For 
each leaf temperature response curve, the thick line represents the leaf of 
normal thickness for that species and the thin line represents a hypothetical 
thin leaf (thickness, 0.2 mm). The ambient temperature was set to 46°C, 
representing the average maximum temperature for the Mojave Desert in 
July. In each thickness comparison, all other leaf and environmental 
properties were as described in Tables 1, 2. The dashed lines represent the 
damage (TS20) threshold for each species (Knight & Ackerly, 2002). 
whereas the temperature of the thick (normal) leaf never exceeded 
this threshold (Fig. 3). 
Although more absorptive (0.78 and 0.85) than the above two 
reﬂective species, the leaves of I. acradenia and L. tridentata were 
smaller, resulting in similar average temperatures: 47.9 and 
48.1°C (Fig. 3). For both of these species, the combination of 
small size and high absorptance resulted in slightly greater ampli­
tudes of temperature response to a wind lull. Nevertheless, the 
damping effect of increased thickness for these more absorptive 
species was also greater than for the reﬂective species (as predicted 
by Fig. 2). The modelled I. acradenia leaf did not reach its ther­
mal damage threshold when the wind speed dropped (Time 3–4, 
Fig. 3), whereas its thin counterpart exceeded it twice during the 
same wind cycle. Under these same conditions, both the thick 
and thin modelled L. tridentata leaves avoided damaging temper­
atures completely, mainly because of the exceptionally high 
thermal damage threshold for this species: 53.7°C. 
Discussion 
Under high ambient temperature, a momentary lull in air move­
ment of only a few seconds can lead to a critically high leaf tem­
perature if the period of the lull is longer than the time constant 
of the leaf. The high thermal mass of very thick leaves reduces the 
likelihood of rapid ﬂuctuations to extreme temperature spikes 
(Ball et al., 1988). The present study addressed whether a minor 
change in thickness could be sufﬁcient to reduce the incidence of 
thermal damage. Our model suggests that even modestly thick 
leaves can avoid thermal damage relative to leaves only fractions 
of a millimetre thinner (Fig. 3). We also found that such an 
increase in thickness reduced peak leaf temperatures more sub­
stantially than could be obtained by a realistic increase in water 
content for a given thickness (Fig. 2). Further, the damping ben­
eﬁt of increased thickness was of the same order of magnitude as 
the relative damping effect of a biologically reasonable increase in 
transpiration, decrease in absorptance or reduction in leaf size 
(Fig. 2). 
Given the potential for transpirational cooling to substantially 
reduce leaf temperature (Gates, 1968), one might expect that 
increases of under a millimetre in thickness would be unlikely to 
effectively buffer against temperature excursions in transpiring 
leaves. Indeed, we found that a modest transpiration rate, typical 
for mature L. tridentata plants in favourable conditions, would 
have an overall temperature damping effect of up to 1°C greater 
than the effect of increasing thickness (Fig. 2a). Yet, the potential 
additive effect of more than one thermal regulatory property 
should be considered. Our model showed that, even for leaves 
)2 )1transpiring at 5 mmol m s , increasing the leaf thickness from 
0.2 to 1.0 mm would have the effect of further damping the peak 
temperatures by at least 0.5°C (Fig. 2b). For nontranspiring 
leaves, this damping effect of thickness was doubled. A 1°C reduc­
tion in peak leaf temperature during a momentary wind lull could 
be critically important when high temperature extremes during 
summer drought conditions lead to stomatal closure. 
Like transpiration, it was expected that high reﬂectance would 
have a strong inﬂuence in maintaining low leaf temperature. 
Thus, it was not surprising that a minor increase in thickness pro­
vided a negligible reduction in the peak temperature of modelled 
leaves that were highly reﬂective (absorptance < 0.3; Fig. 2d). 
However, for a leaf with an absorptance above 0.7, an increase in 
thickness by 0.8 mm reduced the peak temperature by > 1°C. 
Low absorptance of visible wavelengths limits carbon gain (Ehle­
ringer et al., 1976) and desert species with leaf absorptances 
exceeding 0.8 are not uncommon (Sinclair & Thomas, 1970). 
For species that hold their leaves for several seasons, high absorp­
tance would mean a greater potential for carbon gain during 
months when transpiration could be sustained. Those same leaves 
during the height of summer, when latent heat loss would be neg­
ligible, would need other means of reducing peak temperatures. 
Our model showed that, for an absorptive species with a modest 
thermal damage threshold, such as I. acradenia, a greater thick­
ness could mean the difference between repeated damage and 
avoiding it altogether (Fig. 3). Moreover, even for species with 
more reﬂective leaves, such as E. farinosa, increased thickness can 
still reduce the incidence of thermal damage when the damage 
threshold is low. 
One factor that can inﬂuence the temperature of leaves, which 
was not adjusted for in our model, is their angle of display. Steep 
leaf angles can reduce incident radiation during the hottest time 
of day in desert plants (Mooney et al., 1977; Neufeld et al., 
1988). In our model, leaves were assumed to be horizontal and 
we acknowledge that this is unrealistic for some species. Had our 
modelled leaves been angled, the incident heat load could have 
been reduced, which may have buffered temperature ﬂuctuations 
in a similar way to low absorptance. For moderate to large leaf 
sizes, steeper leaf angles can also increase heat transfer via convec­
tive cooling (Vogel, 1970; Schuepp, 1973; Dixon & Grace, 
1983). Even so, the greatest temperature reduction by increased 
convection obtained through varying leaf angle is < 3% (Vogel, 
1970) and, for small leaves, the effect is thought to be negligible 
(Parkhurst et al., 1968; Thom, 1968). 
The extent to which the inﬂuence of high absorptance can be 
moderated by reduced leaf size was illustrated by our model. The 
small size of L. tridentata leaves helped to counteract the tempera-
ture-increasing effects of high absorptance, whereas the slightly 
larger leaves of I. acradenia had slightly lower absorptance and 
showed a very similar average temperature. What had not been 
anticipated was the weakening damping effect of small size as 
leaf thickness increased (Fig. 2e). This effect was a result of the 
increasing importance of thermal mass (thickness) relative to the 
boundary layer (size) in governing the leaf time constant (Eqns 9, 
10). Accordingly, the damping effect of increased thickness was 
greater in larger leaves, for example, up to 2.0°C for leaves of 
40 mm across (Fig. 2f). Although leaves of this diameter do not 
represent an average in many desert environments (5–10 mm wide 
in most Californian desert species; Gibson, 1998), larger leaves 
nevertheless exist. For example, the 40-mm-wide E. farinosa leaves 
in this study were larger than many desert leaves by an order of 
magnitude and, under our simulation, would have been damaged 
had they been thin (Fig. 3). For such large-leaved desert species, 
increased thickness would be a distinct advantage in damping peak 
temperatures during a wind lull on a hot summer’s day. 
Another outcome highlighted by the model was the relatively 
minor damping effect obtained by altering leaf water content. 
Intuitively, the leaves of desert succulents, which can average 
water contents of 0.85 (e.g. von Willert et al., 1992), will have a 
greater ability to damp rapid temperature ﬂuctuations than much 
drier leaves of comparable thickness. However, the effect of 
increasing leaf water content within a biologically reasonable 
range (a very dry leaf would be 0.3; water content cannot exceed 
1.0) was of the same order of magnitude as increasing leaf thick­
ness within our conservative range of thicknesses (0.2–1.0 mm). 
This result is logical in light of the magnitude of these changes. 
Within an expected natural range, leaf water content can vary by 
only two- to three-fold, but leaf thickness can easily increase ﬁve­
fold. Although water has a three- to four-fold greater speciﬁc heat 
capacity than dry matter (Monteith & Unsworth, 1990; Simpson 
& TenWolde, 1999), the two are of the same order of magni­
tude. Thus, varying the relative dry density or water content will 
achieve a small difference in damping, provided that leaves do 
not contain an unusually large volumetric fraction of air space 
(see Notes S3). Put simply, thick leaves will gain a temperature 
damping beneﬁt as long as their greater thickness is achieved 
through increasing dry mass, water content or combinations 
thereof. This means that not only thick succulent leaves, but also 
thick leaves that are dense, tough and ⁄ or with high LMA are 
potentially less likely to incur thermal damage. 
Thermal ‘damage’ is difﬁcult to deﬁne because it depends not 
only on the temperature reached, but also on the severity, dura­
tion and number of times a leaf exceeds its thermal damage 
threshold. The TS20 threshold is an accepted indicator of the 
onset of damage to the photosynthetic apparatus (Smillie & 
Nott, 1979; Knight & Ackerly, 2002). Yet, this threshold may 
undoubtedly be exceeded more than once before severe or irre­
versible damage occurs. In our model, the normal (thick) leaves 
of two species, E. farinosa and I. acradenia, did not exceed their 
thermal damage threshold when air movement dropped, whereas 
the hypothetical thin leaves exceeded these thresholds twice dur­
ing the same wind lull. Thus, the severity (the height of the peak 
over the damage threshold), frequency (the number of times 
exceeding the threshold) and total duration (the length of time 
exceeding the threshold during a given excursion) of damage were 
greater for the modelled thin leaves of these species. The speed of 
recovery from damage to the photosynthetic machinery varies 
from minutes to hours (Haldimann & Feller, 2004) to days, 
unless recovery does not occur (Karim et al., 1999). The relative 
and combined effects of severity, frequency and duration of heat 
stress on damage recovery are unknown. However, one factor 
known to impede recovery from damage is leaf age (Karim et al., 
1999). It is therefore reasonable to surmise that reduced severity, 
frequency and duration of exposure to damaging temperatures 
would be particularly important for species with long-lived 
leaves. 
The role of increased thickness in reducing thermal damage 
supports the well-known association between high-LMA (often 
thick) leaves and long leaf lifespan in nutrient-poor environ­
ments. For example, Australian desert plants have relatively thick, 
long-lived leaves (Wright & Westoby, 2002) and grow in soils 
that are uncommonly low in nutrients (Morton et. al., 2011). In 
such conditions, prolonging the leaf lifespan could be achieved 
through the production of leaves that are not only structurally 
tough and herbivore resistant, but also resistant to thermal 
damage. In nutrient-poor environments, the production of 
physiological protective compounds, such as isoprenes and heat 
shock proteins, represents a relatively high carbon and ⁄ or nitro­
gen cost (Vierling, 1991; Knight & Ackerly, 2001; Sharkey et al., 
2008). Where the viability of physiological thermal protection is 
reduced, built-in structural alternatives to avoid repeated heat 
stress events would promote the survival of leaves through several 
years. We suggest that an additional way of extending the lifespan 
of a leaf is through the mitigation of repeated thermal damage via 
increasing thickness. 
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